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Objective. To determine if varus thrust, a bowing out of the knee during gait (i.e., the first appearance or worsening of varus alignment during stance), is associated with incident and progressive knee osteoarthritis (OA), we undertook an Osteoarthritis Initiative ancillary study. We further considered hypothesized associations adjusted for static alignment, anticipating some attenuation.
Methods. Gait was observed for the presence of thrust by 1 of 2-3 examiners per study site at 4 sites. In eligible knees, incident OA was defined as subsequent incident Kellgren/Lawrence grade ≥2, wholeand partial-grade medial joint space narrowing (JSN), and annualized loss of joint space width (JSW); progression was defined as medial JSN and JSW loss. Outcome measures were assessed for up to 7 years of follow-up. Analyses were knee-level, using multivariable logistic and linear regression with generalized estimating equations to account for between-limb correlation.
Results. The incident OA sample included 4,187 knees (2,610 persons); the progression sample included 3,421 knees (2,284 persons). In knees with OA, thrust was associated with progression as assessed by each outcome measure, with adjustment for age, sex, body mass index, and pain on the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain subscale. In knees without OA, varus thrust was not associated with incident OA or other outcomes. After adjustment for alignment, the thrust-progression association was attenuated, but an independent association persisted for partial-grade JSN and JSW loss outcome models. WOMAC pain and alignment were consistently associated with all outcome measures. Within the stratum of varus knees, thrust was associated with an increased risk of progression.
Conclusion. Varus thrust visualized during gait is associated with knee OA progression and should be a target of intervention development.
Varus thrust is a bowing out of the knee during gait, a first appearance or worsening of varus alignment while the limb is bearing weight, with return to less varus as weight is transferred off the limb. It represents a dynamic worsening of varus alignment in a phase of gait when the knee is most vulnerable to abnormal loading. In individuals with knee osteoarthritis (OA) in the Mechanical Factors in Arthritis of the Knee (MAK) study, varus thrust visualized during gait was associated with medial OA progression over the subsequent 18 months, after adjustment for age, sex, body mass index (BMI), and pain (1) . To our knowledge, it has not been reported whether varus thrust is associated with incident radiographic knee OA. In the MAK study, gait was observed by 1 examiner. It is not known whether the association between varus thrust and knee OA disease progression is replicable with multiple This article was prepared using an Osteoarthritis Initiative (OAI) public-use data set, and its contents do not necessarily reflect the opinions or views of the OAI Study Investigators, the NIH, or the private funding partners of the OAI. The OAI is a public-private partnership between the NIH (contracts N01-AR-2-2258, N01-AR-2-2259, N01-AR-2-2260, N01-AR-2-2261, and N01-AR-2-2262) and private funding partners (Merck Research Laboratories, Novartis Pharmaceuticals, GlaxoSmithKline, and Pfizer, Inc.) and is conducted by the OAI Study Investigators. Private sector funding for the OAI is managed by the Foundation for the NIH. The authors of this article are not part of the OAI investigative team.
Supported by the NIH (National Institute of Arthritis and Musculoskeletal and Skin Diseases grants R01-AR-052918, R01-AR-065473, and P60-AR-064464) and the Osteoarthritis Initiative.
1 Leena Sharma, MD, Alison H. Chang, PT, DPT, Kirsten C. Moisio, PT, PhD, Orit Almagor, MA, Joan S. Chmiel, PhD: Northwestern University Feinberg School of Medicine, Chicago, Illinois; examiners. To evaluate these questions, we undertook an Osteoarthritis Initiative (OAI) ancillary study.
In contrast to the dynamic phenomenon of a varus thrust, varus alignment (i.e., a hip-knee-ankle [HKA] angle >0°in the varus direction) is a static measurement on a standing full-limb radiograph. It is not clear to what extent the association of varus thrust with knee OA outcomes can be explained by underlying varus alignment. Similarly, it is not known to what extent alignment associations can be explained by coexisting thrust. The large size of the OAI provided an excellent setting in which to study these possibilities. Varus thrust represents worse varus alignment than seen under static conditions and manifests instability. In theory, a thrust's deleterious effect may be due to abnormal load distribution originating from instability and/or a fixed static malalignment. The nature of intervention will differ depending upon whether malalignment or thrust is the target; understanding whether the thrust effect is explained by malalignment is important.
Our first hypothesis was that in knees without radiographic OA (Kellgren/Lawrence [K/L] grade <2 [2] at OAI enrollment [0 months] and at the 12-month visit), varus thrust (at 12 months; our study baseline) would be associated with subsequent (to 12 months) incident K/L grade ≥2 (hypothesis 1a), medial joint space narrowing (JSN) by ≥1 whole grade (hypothesis 1b), medial JSN by ≥1 partial grade (hypothesis 1c), and loss of medial joint space width (JSW) (hypothesis 1d). Our second hypothesis was that in knees with radiographic OA (K/L grade ≥2 at 0 months or 12 months), varus thrust would be associated with subsequent (to 12 months) medial JSN by ≥1 whole grade (hypothesis 2a), medial JSN by ≥1 partial grade (hypothesis 2b), and loss of medial JSW (hypothesis 2c). We further considered the hypotheses adjusted for static alignment, anticipating some, but not complete, attenuation of any association detected in the primary models.
PATIENTS AND METHODS
The OAI is a prospective, observational cohort study of men and women ages 45-79 years enrolled at Baltimore, MD, Columbus, OH, Pittsburgh, PA, or Pawtucket, RI. Eligibility for the OAI progression subcohort required symptoms in ≥1 knee on most days for ≥1 month during the previous 12 months and a definite tibiofemoral osteophyte (3, 4) . Eligibility for the OAI incidence subcohort required the absence of symptomatic radiographic OA in both knees, along with the presence of characteristics that increased the risk of developing it (knee symptoms, overweight, knee injury, knee surgery, family history of a total knee replacement for OA, Heberden's nodes, repetitive knee bending, age 70-79 years) (3, 4) . Exclusion criteria were rheumatoid arthritis or inflammatory arthritis; severe JSN in both knees at baseline, or unilateral total knee replacement and severe contralateral JSN; bilateral total knee replacement or plans for it within 3 years; contraindications for magnetic resonance imaging; positive pregnancy test result; use of mobility aids (e.g., walker) other than 1 straight cane for 50% of ambulation; comorbid conditions precluding long-term study; and current participation in a double-blind randomized trial (3, 4) . The Institutional Review Board at each site approved the study.
Assessment of varus thrust. At the 12-month visit (our study baseline), gait was observed for the presence of thrust by 1 of 2-3 examiners per study site according to a protocol standardizing the following: participant clothing, footies with sole grips; a designated hallway marked by orange cones 10 meters apart; a script; observation while the participant walked at a comfortable speed toward, away from, and toward the examiner; a sequence of examiner observation steps; and an approach to recording the results. Centralized training included a didactic session, observation of volunteers with known thrust status, and certification testing. The examiners were blinded with regard to the study hypotheses.
To study intraexaminer reliability, because there is no way of concealing identity to eliminate all possibility of remembering an individual, we previously videotaped 40 individuals (waist down, identically clothed, 1 participant per tape) with varying habitus and OA severity (1). The order was altered between 2 viewing sessions. Intrarater reliability was very good (j = 0.81). To assess interexaminer reliability, 22 persons with, or at higher risk of, knee OA and with or without thrust were examined by 1 of the authors (LS) and by 1 of 3 other examiners (2 of whom were coauthors [AHC, KCM]) among whom the examinations were distributed (7, 7, and 8 per examiner). An unbalanced distribution of the presence of thrust made it problematic to calculate a meaningful kappa coefficient. Therefore, we based reliability on percentage agreement between examiner LS and the pooled second examiners. For right and left knee varus thrust, agreement was 95% and 100%, respectively.
Covariates. Covariates (using 12-month data in analyses) included BMI and pain using the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain subscale (5), which was adapted in the OAI to score each knee. Varus alignment was measured in the OAI as mechanical axis (HKA angle) using 2 full-limb radiographic measurement approaches (represented by the variable names HKANGLE and HKANGJD, assigned by the OAI) and as anatomic axis (femorotibial angle [FTA]) on knee radiographs. Because HKANGLE data were available only in a subset of knees with HKANGJD data and because the 2 measures were highly correlated (r = 0.98), we used the HKANGJD data.
In the OAI, standing bilateral full-limb radiographs were acquired at either 12 months or 24 months (6) . HKANGJD data were calculated from 3 landmarks (7) as the angle subtended between the line through the femoral head and knee centers and the line through knee and tibiotalar joint centers, with varus as negative and valgus as positive (7). FTA measurement on the fixed-flexion knee radiographs involved femoral axis definition using a coordinate system from locationspecific JSW measurement methods, tibial axis by shaft center 10 cm below the plateau, and a customized software tool (8) (9) (10) (11) . For FTA, valgus is more positive, varus is more negative.
Outcome measures. In the OAI, knee radiograph acquisition incorporated the posteroanterior fixed-flexion weight-bearing protocol (3,6) with a SynaFlexer frame (Synarc) . All knees with ≥1 follow-up radiograph by the 48-month visit were read centrally (12) . For knees with K/L grade <2 at baseline, every knee radiograph acquired (at any time point) was read. Concerning knees with K/L grade ≥2 at baseline, all radiographs obtained (at any time point) through 48 months were read, and 72-month/96-month readings were performed in a random selection of knees with K/L grade 2 or 3 at baseline (12) . Serial radiographs were read grouped, with baseline known to readers and later time points randomly ordered. Two experts who were blinded with regard to each other's readings, the study hypotheses, and all other data assessed K/L grade and Osteoarthritis Research Society International JSN grades (2, 13) . A third reader was included to adjudicate disagreements regarding K/L grade ≥2 versus K/L grade <2 at any time point, and, between any time points, to adjudicate disagreements regarding change in OA status, K/L grade, and JSN (13) .
In knees with K/L grade <2 at 0 months and 12 months, incident OA was defined as subsequent (to 12 months) incident K/L grade ≥2, medial JSN by ≥1 whole grade, and medial JSN by ≥1 partial grade. In knees with K/L grade ≥2 at 0 months or 12 months, progression was defined as subsequent (to 12 months) medial JSN by ≥1 whole grade and by ≥1 partial grade. Outcomes were assessed up to the 96-month OAI visit. For these outcomes, only the OAI-released calculated ("V99") variables were used, as recommended (12) . Knees with baseline JSN grade 3 in the medial or lateral compartment could not progress and were excluded.
A customized software tool was used to measure JSW, as described by Duryea et al (14) . Measures of medial compartment minimum JSW and fixed-location JSW (JSW[x]) were made from digitized knee images at each time point. A value of x = 0.250 was selected as being within the optimal range for measuring medial JSW based on a previous study (10) . Annualized JSW loss (in mm), the difference between baseline and final time point measured divided by the number of years, was analyzed.
Statistical analysis. All analyses were knee-based. For each hypothesis with a dichotomous outcome (1a, 1b, 1c, 2a, 2b), we used multivariable logistic regression models with generalized estimating equations (GEE) to account for betweenlimb correlation within each person, to evaluate the association of the presence of varus thrust (versus no varus thrust) with the outcome measure for the hypothesis. Results are summarized as adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) and were considered to be statistically significant if the 95% CI did not include 1. For hypotheses with a continuous outcome (1d, 2c), we used multivariable linear regression models with GEE, with results summarized as adjusted regression coefficients (in units of the continuous outcome for the presence of thrust versus no thrust) and 95% CIs. Results of the continuous outcome models were statistically significant if the 95% CI did not include 0. Separate models in knees with and those without radiographic OA at baseline were initially adjusted for age (continuous), sex, and BMI (continuous) and then also for WOMAC pain (continuous). In the alignment substudy samples, each model was adjusted for age, sex, BMI, and WOMAC pain and then for alignment (HKA angle and FTA; continuous). The alignment models were further adjusted by including a multiplicative interaction term between thrust and alignment. We repeated these analyses stratified by HKA angle (varus, neutral, valgus). We used SAS software version 9.3 (SAS Institute) for all analyses. Figure 1 . Derivation of analysis samples from the 4,796 persons enrolled in the Osteoarthritis Initiative (OAI). The 4 samples at the bottom were used for testing hypotheses 1a-d and 2a-c, described in the text. Samples † and ‡ had overlapping data. In sample *, the mean AE SD age was 61.2 AE 0.2 years, the mean AE SD body mass index (BMI) was 28.6 AE 4.8 kg/m 2 , and 2,804 (58.5%) were women. In sample †, the mean AE SD age was 61.4 AE 9.1 years, the mean AE SD BMI was 28.6 AE 4.8 kg/m 2 , and 2,295 (58.0%) were women. In sample ‡, the mean AE SD age was 61.9 AE 9.1 years, the mean AE SD BMI was 29.1 AE 4.8 kg/m 2 , and 1,784 (58.8%) were women. In sample §, the mean AE SD age was 60.5 AE 9.2 years, the mean AE SD BMI was 27.8 AE 4.5 kg/m 2 , and 1,455 (56%) were women. In sample ¶, the mean AE SD age was 62.6 AE 9.0 years, the mean AE SD BMI was 29.6 AE 4.8 kg/m 2 , and 1,339 (59%) were women. In sample #, the mean AE SD age was 60.5 AE 9.0 years, the mean AE SD BMI was 28.2 AE 4.5 kg/m 2 , and 760 (57.3%) were women. In sample **, the mean AE SD age was 62.6 AE 9.0 years, the mean AE SD BMI was 29.6 AE 4.8 kg/m2, and 1,364 (57.8%) were women. K/L = Kellgren/Lawrence grade.
RESULTS
Derivation of each analysis sample and corresponding descriptive data are shown in Figure 1 . In the 4,796 persons enrolled in the OAI, 7,608 knees (3,960 persons) had thrust assessment and calculated radiographic outcome data, and 5,386 knees (3,035 persons) had thrust assessment and JSW data. Attributes of these samples did not differ from those of the full cohort (Figure 1 ).
In knees with K/L grade <2 at enrollment and at 12 months, varus thrust at 12 months was not associated with subsequent K/L grade ≥2, medial JSN whole grade or partial grade, or loss of medial JSW, after adjustment for age, sex, BMI, and WOMAC pain (Table 1) . For this sample, median follow-up time was 84 months (i.e., from baseline at 12 months), with an interquartile range (IQR) of 60-84 months. Further adjustment for HKA angle or FTA minimally altered these findings (data not shown). Thrust was not associated with the dichotomous outcomes in men (n = 1,812) or women (n = 2,375) analyzed separately. In contrast, in knees with K/L grade ≥2 at enrollment or at 12 months, varus thrust at 12 months was associated with each outcome measure in adjusted models (Table 2) Results were similar after further adjustment for injury in the models in Tables 1 and 2 (data not shown). For the models in Table 2 , after further adjustment for injury and baseline K/L grade, the adjusted OR for whole-grade narrowing was 1.49 (95% CI 1.21, 1.85), the adjusted OR for partial-grade narrowing was 1.68 (95% CI 1.39, 2.02), and the adjusted coefficient for JSW loss was 0.047 (95% CI 0.026, 0.068). For all the fully adjusted models shown in Tables 1 and 2 , we further considered models that included nonlinear (i.e., quadratic) terms for continuous variables (e.g., age and BMI) and found similar relationships between thrust and outcome measures in these models (data not shown).
We next evaluated the results in knees with OA after further adjustment for alignment. Among 6,187 knees for which we had thrust and HKA angle data, 1,570 had a varus thrust. In these 1,570 knees, mean AE SD static alignment was -1.97 AE 3.37°, and 1,138 of them (72.5%) had static varus alignment (HKA angle <0°). In the 4,617 knees without a varus thrust, mean AE SD alignment was -0.88 AE 3.11°, and 2,837 (61.4%) had varus alignment. Among the 6,187 knees for which we had varus thrust and HKA angle data, 3,975 had # BMI and WOMAC pain were also significant. ** BMI, sex (decreased risk in women), and WOMAC pain were also significant. † † Sex (decreased risk in women) and WOMAC pain were also significant. Table 1 for other definitions. † Measured at x = 0.250 location. ‡ In 806 knees for scoring of JSN; in 906 knees for measurement of JSW. § In 2,069 knees for scoring of JSN; in 2,172 knees for measurement of JSW. ¶ P < 0.05 (OR estimates with 95% CIs excluding 1.00 and regression coefficients with 95% CIs excluding 0 are significant). # BMI, WOMAC pain, and hip-knee-ankle (HKA) angle were also significant. ** Age, BMI, WOMAC pain, HKA angle, and thrust-HKA angle interaction were also significant. † † WOMAC pain and HKA angle were also significant. ‡ ‡ In 963 knees for scoring of JSN; in 1,073 knees for measurement of JSW. § § In 2,415 knees for scoring of JSN; in 2,535 knees for measurement of JSW. ¶ ¶ BMI, WOMAC pain, and femorotibial angle (FTA) were also significant. ## Age, BMI, WOMAC pain, FTA, and thrust-FTA interaction were also significant. *** Sex (decreased risk in women), WOMAC pain, and FTA were also significant.
varus alignment, of which 1,138 (28.6%) had a varus thrust, and 2,212 had neutral or valgus alignment, of which 432 (19.5%) had a varus thrust. The thrust-progression association was attenuated (Table 3) , but an independent association persisted for partial-grade JSN and JSW loss models including HKA angle and FTA. Further inclusion of an alignmentthrust interaction term led to an increase in the magnitude of the OR for thrust in the partial-grade outcome (interaction term significant) and loss of significance in the continuous JSW outcome (interaction term not significant). WOMAC pain and alignment were consistently associated with outcome measures in these models (Table 3) . Adjusted ORs (95% CIs) or adjusted regression coefficients for each covariate in the models in Tables 1-3 are available upon request from the corresponding author.
Finally, we repeated models to investigate whether these results persisted within HKA angle strata. Significant associations persisted in the varus and neutral knees (Table 4) .
DISCUSSION
Over a follow-up period of up to 7 years, in knees with radiographic OA, varus thrust was associated with subsequent medial knee OA progression, assessed using various outcome measures-medial JSN worsening by a whole grade, by a partial grade, or loss of JSW-in models adjusted for age, sex, BMI, and pain. In knees without radiographic OA, varus thrust was not associated with incident OA or other outcomes. Findings were similar in women and men examined separately. After adjustment for static alignment, the thrust-progression association was attenuated, but an independent association persisted for partial-grade JSN and JSW loss outcome models. WOMAC pain and alignment were consistently associated with outcome measures. Within the strata of varus knees and of neutral knees, thrust was associated with an increased risk of progression.
To our knowledge, this is the first confirmation of our original findings in the MAK study (1 (1) . Previous studies have shown that varus thrust is associated with knee symptoms (15) (16) (17) , including pain during weight-bearing activities (15) .
The MAK study relied on 1 examiner. The current findings support the idea that, after training, gait observation can be applied in a multisite setting. To our knowledge, there has been no previous report concerning thrust and incident radiographic OA. Wink et al recently reported, in Multicenter Osteoarthritis Study participants with a range of OA severity, that varus thrust visually assessed by high-speed video was associated with increased risk of incident bone marrow lesions (but not incident medial cartilage loss), worsening bone marrow lesions, and worsening medial cartilage loss, findings that persisted in varus knees examined separately (18) . Our finding of an association of thrust with progression but not with incident OA in the same study may relate to the healthier state of knees at risk of incident OA (versus knees with OA). While static varus alignment has been found to be associated with both incident and progressive OA (which the current study confirms), the magnitude appears stronger for progression.
In the progression findings, the outcome requiring medial JSN by only a partial grade and the JSW loss outcome were more sensitive than the outcome requiring whole-grade JSN. Our findings suggest that some but not all of the thrust effect was explained by static varus alignment. Static varus alignment findings (significant in every model) were minimally affected by the addition of varus thrust. There was evidence of interaction in the partial-grade models. Notably, in varus knees and in neutral knees, varus thrust presence was associated with a greater risk of progression. These findings in varus knees may reflect added, dynamic effects of a thrust. While varus thrust was associated with outcome, its contribution was more modest than that from static varus alignment. Treatment for thrust without concomitantly addressing static varus is unlikely to have a substantial impact on disease progression.
In the MAK study, which included both gait observation for thrust and quantitative gait analysis, knees with (versus knees without) varus thrust had a greater maximum external knee adduction moment (KAM) (1). Chang et al found that the presence of a varus thrust was associated with greater peak knee varus angular velocity and greater peak knee varus angle during the stance phase, in analyses adjusted for age, sex, BMI, gait speed, and static alignment (19) . Notably, the difference in angular velocity (which captures both movement direction and speed) between knees with and those without varus thrust was unaffected by adjustment for alignment, while the difference in peak knee varus angle was in part explained by alignment (19) . In another study, in women with medial knee OA, the knee adduction angle during gait and shank mean angular velocity were greater from heel strike to 30% stance in the OA group than in controls and were associated with maximum KAM (20) . Mahmoudian et al found that varus thrust (measured as knee varus angle increase during the weight-bearing phase of gait) was greater in groups with early OA or established OA than in controls, suggesting problems with stabilization in early knee OA (21) . Varus thrust magnitude was correlated with KAM second peak (21) .
The current study has several limitations. The findings are based on examiner gait observation to visually assess thrust presence. Although it is not feasible to perform quantitative gait analysis in clinical settings, a more precise method of quantifying the movement visualized as a thrust may result in different findings. Notably, we were able to detect an association with progression outcome measures even with simple gait observation performed by multiple examiners at 4 study sites. It remains possible that our thrust assessment was not precise enough to detect an association between thrust and incident OA. It was important to evaluate thrust by gait observation as this is the most easily used approach in large-scale research and in clinical settings. Static alignment was not assessed in all participants; however, it was assessed in large subgroups that were similar in baseline characteristics to the full sample. While it is unlikely that much change in alignment would have occurred between 12 months and 24 months, it would have been ideal to assess alignment in all participants at 12 months. The OAI may not reflect the general population. Recruitment focused on persons at higher risk of knee OA, a group of public health importance that will grow with expansion of aging and overweight populations. However, findings may not be the same in populations not at higher risk.
These findings have important research and clinical implications. Given this replication of the finding that varus thrust is associated with knee OA progression, intervention should be developed; while specific development is needed, it is not difficult to envision an orthotic approach to help stabilize the knee. Of note, to relieve pain, neuromuscular exercise was more effective for individuals with a varus thrust, and quadricepsstrengthening exercise was more effective when a thrust was absent (22) . In theory, the modest impact of interventions addressing static alignment may be related to not considering concomitant varus thrust. Future studies could also focus on developing and evaluating a training video or other approach to disseminating gait observation training. Gait observation can be incorporated into observational and therapeutic studies of knee OA to enable analytic consideration of thrust. Gait observation cannot replace quantitative gait analysis, but it does provide a simple approach to identifying individuals at higher risk of progression. Gait observation, perhaps coupled with a simple inspection of alignment in the standing patient, should be incorporated into the physical examination; the current findings are a reminder of the powers of observation. 2142 SHARMA ET AL
In conclusion, varus thrust visualized during gait is associated with knee OA progression and should be a target of intervention development.
